Human genome-wide association studies (GWASs) have identified numerous associations between single nucleotide polymorphisms (SNPs) and pulmonary function. Proving that there is a causal relationship between GWAS SNPs, many of which are noncoding and without known functional impact, and these traits has been elusive. Furthermore, noncoding GWAS-identified SNPs may exert trans-regulatory effects rather than impact the proximal gene. Noncoding variants in 5-hydroxytryptamine (serotonin) receptor 4 (HTR4) are associated with pulmonary function in human GWASs. To gain insight into whether this association is causal, we tested whether Htr4-null mice have altered pulmonary function. We found that HTR4-deficient mice have 12% higher baseline lung resistance and also increased methacholine-induced airway hyperresponsiveness (AHR) as measured by lung resistance (27%), tissue resistance (48%), and tissue elastance (30%). Furthermore, Htr4-null mice were more sensitive to serotonin-induced AHR. In models of exposure to bacterial lipopolysaccharide, bleomycin, and allergic airway inflammation induced by house dust mites, pulmonary function and cytokine profiles in Htr4-null mice differed little from their wild-type controls. The findings of altered baseline lung function and increased AHR in Htr4-null mice support a causal relationship between genetic variation in HTR4 and pulmonary function identified in human GWAS.-House, J. S., Li, H., DeGraff, L. M., Flake, G., Zeldin, D. C., London, S. J. Genetic variation in HTR4 and lung function: GWAS follow-up in mouse. FASEB J. 29, 000-000 (2015). www.fasebj.org
SPIROMETRY IS USED TO assess clinically relevant pulmonary function parameters. Forced expiratory volume in the first second (FEV 1 ) is an indicator of airway obstruction, forced vital capacity (FVC) is an index of lung size, and their ratio (FEV 1 /FVC) is a size-independent indicator of airflow obstruction (1) . These pulmonary function measures are used clinically to diagnose lung diseases including chronic obstructive pulmonary disease (COPD), and to monitor the severity and control of asthma, COPD, and other respiratory conditions.
Heritability estimates support genetic contributions to pulmonary function (2, 3) . Alpha-1-antitrypsin deficiency, the first identified genetic risk factor for COPD, is infrequent, and later candidate gene studies did not identify many other replicable associations (4, 5) . Since 2009, genome-wide association studies (GWASs) have identified at least 33 loci for pulmonary function (6) (7) (8) (9) (10) , including some also associated with the clinical phenotypes of airflow obstruction, COPD, or asthma (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) . Although GWAS has been extremely successful in identifying novel loci, it is not well suited for identifying the specific causal variants within genes or even the causal gene within a multigene locus. Additional methods are needed for this purpose. Experimental studies to follow-up the myriad of GWAS hits for pulmonary function or other traits are labor intensive and costly and therefore scarce. Complicating GWAS follow-up is the fact that the vast majority of GWAS hits are located in noncoding sequences with unknown regulatory impact (23, 24) . Noncoding GWAS hits may exert their effects by trans-regulatory actions, and intronic GWAS single nucleotide polymorphisms (SNPs) cannot be assumed to affect the residing or closest gene (25) . Thus, experimental animal models in which the perturbation of a gene recapitulates associated phenotypes in human GWASs can provide powerful evidence that the gene implicated by GWAS variants is causally related to that associated trait.
A GWAS meta-analysis from our group identified intronic SNPs in 5-hydroxytryptamine (serotonin) (5-HT) Abbreviations: 5-HT, 5-hydroxytryptamine (serotonin); AHR, airway hyperresponsiveness; BALF, bronchoalveolar lavage fluid; COPD, chronic obstructive pulmonary disease; FEV 1 , forced expiratory volume (in first second); FVC, forced vital capacity; GWAS, genome-wide association study; HDM, house dust mite; HTR4, serotonin receptor 4; MCH, methacholine; OPA, oropharyngeal aspiration; PBI, peribronchal inflammation; PC200, provocative concentration 200; PC50, provocative concentration 50; PVI, perivascular inflammation; SNP, single nucleotide polymorphism; WT, wild-type receptor 4 (HTR4) related to pulmonary function in humans (8) . These associations have been replicated by others (26) , and the same HTR4 SNPs have since been associated with the clinical phenotypes of airflow obstruction and COPD (15, 27) and asthma (28) . Given the human GWAS evidence for HTR4 and pulmonary function, we sought to follow up with genetically engineered mice. Unlike human studies, mice can be engineered with altered or removed genes and can be exposed to environmental agents in various injury models to perturb the system being studied.
The serotonin receptor family consists of 7 genes (HTR1-HTR7) and at least 17 different splice variants, all but 1 of which are GPCRs. On stimulation with their endogenous ligand serotonin (5-HT), HTRs activate intracellular secondary messenger cascades that result in both excitatory and inhibitory responses through the release of a variety of neurotransmitters and hormones (29) .
HTR4 was first identified in localized brain neurons within the olfactory tubercle, basal ganglia, and hippocampus, and in the respiratory rhythm generating preBötzinger complex (30, 31) . Peripherally, HTR4 is broadly expressed in the gastrointestinal tract, vasculature, adrenal glands, lower urinary tract, and myocardium (32, 33) and has lower but detectable expression in whole lung, airway epithelial cells, and airway smooth muscle cells (34, 35) . HTR4 has numerous splice variants (36, 37) with discrete isoform tissue and neuron distribution. Recent work has noted differential temporal expression of HTR4 in fetal human lung supporting a role for this gene in development (37) .
We hypothesized that Htr4-null (Htr4
) mice would exhibit altered lung function. Htr4 2/2 mice have been developed and characterized with a variety of behavioral phenotypes including altered memory formation, eating, response to novel environments, and a propensity to seizures (38) (39) (40) (41) . To date, the role of HTR4 in pulmonary function has not been examined. Our study examines the role of HTR4 in baseline pulmonary function using Htr4 2/2 and wild-type (WT) mice. We also evaluated the response of these mice to well-established perturbation models using bacterial LPS to elicit an acute inflammatory response, bleomycin to elicit lung fibrosis, and house dust mite (HDM) to examine allergic airway inflammation.
MATERIALS AND METHODS

Animals
Htr4
2/2 mice (B6.129P2-Htr4 tm1Dgen /J) were purchased from The Jackson Laboratory (005767; Bar Harbor, ME, USA) and maintained as Htr4 +/2 3 Htr4 +/2 breeders to generate sibling Htr4 +/+ (WT) and Htr4 2/2 mice. Male mice were between 9 and 12 wk of age for LPS and bleomycin studies at the time of exposure. Experiments with naïve mice included 9-to 12-wk-old male animals in addition to an aged population group (;40 wk old). Males at 17 wk of age were used for body weight and lung volume assessment. For HDM experiments, 12-to 15-wk-old male mice were sensitized with 10 mg HDM (Dermatophagides pteronyssinus, Greer XPB82D3A2.5) in 50 ml PBS via oropharyngeal aspiration (OPA) on days 1 and 8, followed by challenge on days 15, 16, and 17 with 2 mg HDM, and collected on day 18. All animal work described in this study was conducted according to U.S. National Institutes of Health guidelines and approved by the National Institute of Environmental Health Sciences animal care and use committee.
Lung function assessment
Invasive lung function analysis was performed on either untreated (naïve) or treated mice with flexiVent (SCIREQ, Montreal, QC, Canada) according to the manufacturer's instructions. Briefly, mice were anesthetized with urethane (1.5 g/kg) intraperitoneally (i.p.), and tracheostomized with a 19-guage stainless steel cannula. Mice were then given pancuronium bromide (0.8 mg/kg, i.p.) to paralyze the diaphragm and prevent autonomous breathing, placed on a 37°C heated pad, and connected to a computercontrolled ventilation device. Ventilation was set to 150 breaths/ min, with a tidal volume of 7.5 ml/kg and a positive end expiratory pressure of 3.0 cm of H 2 O. Lung function metrics were calculated as described previously (42, 43) .
After 3 baseline measurements of lung function using "snapshot" and "quickprime" perturbations, mice were given either increasing aerosolized doses of methacholine (MCH; 3.125, 6.25, 12.5, and 25 mg/ml) or 5-HT (4.25, 8.5, and 17 mg/ ml) for 10 s without altering the ventilation pattern, followed by assessment with 8 separate "snapshot" and "quickprime" perturbations every 30 s. Between each dose of MCH or 5-HT, a total lung compliance loop was initiated to reset lung hysteresis. For each genotype/dose combination, responses with coefficient of determination .80% were kept, outliers .3 SD from the mean were excluded, and the 3 maximal [for compliance (C) minimal] values per mouse per dose were averaged and reported as means 6 SEM. Linear regression was used to interpolate values for provocative concentrations of broncho-constrictor (MCH or 5-HT) needed to elicit a 200% increase in baseline response for R, Rn, G, and H (PC200) or 50% decrease in C (PC50).
For lung inflammation studies, mice were anesthetized with isoflurane/oxygen and administered 50 ml of either endotoxinfree 0.9% saline (Sigma S8776 [certificate 7647-14-5 (,0.005 U/ ml endotoxin)]; Sigma-Aldrich, St. Louis, MO, USA) or 50 mg LPS (Sigma L2630; Sigma-Aldrich) in 50 ml 0.9% saline via OPA. Mice were monitored hourly for 4 h and given supplemental heat as needed followed by lung function assessment as described above.
For lung fibrosis studies, mice were anesthetized with isoflurane/oxygen and administered 50 ml of either endotoxinfree 0.9% saline [Sigma S8776 (7647-14-5); Sigma-Aldrich] or 1.4 U/kg bleomycin (Sigma B5507; Sigma-Aldrich) via OPA. Mice were given supplemental heat and mash after treatment. To examine repair of fibrotic injury differed by genotype, lung function static compliance measurements were taken with flexiVent 20-21 d after exposure.
Cell and cytokine analyses
Bronchoalveolar lavage was performed with two 3 1.0 ml of HBSS (Sigma H6648; Sigma-Aldrich) after lung function measurement via flexiVent; recovery was greater than 80% for each mouse. Bronchoalveolar lavage fluid (BALF) was pooled for each mouse and centrifuged (2000 rpm, 6 min, 4°C) to separate cells from supernatant. The cytokines in the cell-free supernatant were measured using the Bio-Plex mouse cytokine assay and Bio-Plex suspension array system (Bio-Rad, Hercules, CA, USA) according to the manufacturer's instruction. All cells were treated with 1.0 ml ammonium-chloride-potassium buffer for 1 min to lyse red blood cells, diluted in 5.0 ml HBSS, and gently pelleted by centrifugation, and the supernatant was removed. Cells were resuspended in 1.0 ml HBSS for quantification with a hemocytometer, and cytospins were prepared with 200 ml of suspended cells for cell differential analysis.
Breathing assay
Mice underwent surgery to place a jugular vein cannula 3 d prior to the experiment. On the day of the experiment, mice were acclimated to a whole body plethysmography chamber (BUXCO/ Data Sciences International, Minneapolis, MN, USA) for 10 min prior to baseline assessment for 10 min. Mice were then administered 0.4 mg/kg fentanyl (0641-6030-01; West-Ward Pharmaceuticals, Cherry Hill, NJ, USA) via jugular vein cannula and monitored for 5 min. Five minutes after fentanyl administration, 4mg/kgBIMU8(4374;TocrisBioscience,Bristol,UnitedKingdom), a 5-HT4 receptor selective agonist, was administered via jugular vein cannula, and mice were monitored for another 10 min.
RNA and quantitative PCR
The whole cardiac lobe from each mouse was homogenized and RNA was isolated and purified following the manufacturer's instructions (RNeasy Kit 74104; Qiagen, Valencia, CA, USA). Following purification of RNA, cDNA was created with equal amounts of template RNA and subjected to real time RT-PCR analysis using TaqMan-based assays [Htr4 (Mm00434129_m1), Gapdh (Mm99999915_g1); Applied Biosystems/Life Technologies, Grand Island, NY, USA]. Relative expression was calculated with the DDCt method using Gapdh as the housekeeping gene.
Inflammation and fibrosis scoring
Lungs from animals treated with LPS or bleomycin were removed, lavaged with 1 ml 3 2 of HBSS, and fixed in 4.0% paraformaldehyde. They were then embedded in paraffin, and 5 mm sections were cut and stained with hematoxylin and eosin stain or Masson's trichrome. Fibrosis was scored according to Ashcroft's methodology (44) with blinded samples by a boardcertified pathologist. Inflammation scoring for LPS-and salinetreated animals was done by summing the total of the following observations in left and right mouse lungs: margination of neutrophils, perivascular neutrophils, peribronchial neutrophils, and evidence of perivas/peribron hemorrhage. Each inflammation parameter was scored from 0 to 4 on the basis of both the local intensity and the extent of the lung involved, resulting in a total sum score ranging from 0 to 16. Scoring was based on infiltration of neutrophils only and not on the presence of mononuclear cells, because the latter are sometimes present in perivascular or peribronchial tissue of untreated mice. Isolated neutrophils adjacent to the endothelium of vessels were not considered evidence of margination; that is, only when several neutrophils appeared to be attached to the endothelium was margination considered to be present. For HDM scoring, the following inflammation parameters were scored: perivascular inflammation (PVI, 0-8), peribronchial inflammation (PBI, 0-8), and goblet cell hyperplasia (0-4). This resulted in a combined total score ranging from 0 to 20.
Collagen assay
Collagen content in each lung caudal lobe of mice treated with bleomycin or saline was measured using the Sircol Soluble Collagen Assay kit (# S1000; Biocolor, Carrickfergus, United Kingdom) following the manufacturer's instructions. In brief, the entire caudal lobe of each mouse was snap frozen on dry ice and stored at 280°C until assay. The lobe was thawed on ice, gently blotted dry, and weighed. It was then minced in PBS to clear blood and centrifuged at 10,000 rpm at 4°C for 5 min, and the supernatant was removed. The minced tissue was incubated with 1 ml of cold 0.5 M acetic acid with 0.1 mg/ml of pepsin on a gentle shaker at 4°C overnight. The acid-pepsin extraction solution was centrifuged at 12,000 rpm for 10 min, and the supernatant was collected for use in the assay.
Lung volume
Mice were anesthetized with FatalPlus (Patterson, Devens, MA, USA) via i.p. injection until no longer responsive to toe pinch and weighed for whole body weight. Mouse whole lungs were isolated and removed with the heart intact and hung under 25 cm pressure of 4% neutral buffered formalin for 2 h. Lungs were tied off under pressure, the heart and esophagus were removed, and lung volume was calculated by displacement of fixative and adjusted for specific gravity.
Statistical analysis
For the breathing assay, the general linear model procedure (Proc GLM; SAS, Cary, NC, USA) was used to test differences by genotype for the respiratory rate at both 4 min after fentanyl administration and 10 min after BIMU8 administration, treating time as a repeated measure. For baseline lung function analyses, age-adjusted means and SEMs were calculated by genotype using SAS Proc GLM. For assessment of genotype differences in MCHor 5-HT-induced airway hyperresponsiveness (AHR), Proc GLM was used to calculate age-and dose-adjusted means and SEMs. The same analysis was used to determine genotype differences in MCH-induced AHR 4 h after LPS. Two-tailed Student's t test was used to test genotype differences in cytokines and cell counts, as well as genotype differences in static compliance/elastance after bleomycin treatment. All error bars in all figures represent SEMs. Values were reported as significant if P , 0.05.
RESULTS
Htr4
2/2 mouse characterization
Attempts to confirm loss of HTR4 by immunohistochemistry or immunoblotting with multiple antibodies in WT and Htr4 2/2 mice yielded inconclusive results (data not shown). Antibody specificity with neurotransmitter receptors in rodents is a known problematic issue (45, 46) . Therefore, quantitative real-time RT-PCR was used to ascertain expression of Htr4 in WT and Htr4 2/2 mice (Fig.  1A) . The expression of Htr4 was first measured in a battery of tissues from WT mice. Consistent with previous studies (31, 47) , expression was highest in brain and gastrointestinal tract with moderate expression in lung (Supplemental Fig. 1A ). Real-time RT-PCR using primers spanning the exon3/exon4 (deletion cassette) junction showed detectable message in lungs from WT but not Htr4 2/2 mice (Fig.  1A) . Histologic examination of lung architecture (hematoxylin and eosin stain) revealed no obvious differences between the genotypes (data not shown). Furthermore, we observed no differences between age-matched WT and Htr4 2/2 mice in either body weight or lung volume as measured by displacement (Fig. 1B, C) .
Real-time RT-PCR data also indicated that postdeletion cassette transcription (using primers spanning exon5/ exon6 junction) occurred in Htr4 2/2 mice (data not shown). Work by Manzke et al. demonstrated opiateinduced respiratory depression could be mitigated with HTR4-specific agonists (48) . Therefore, to prove we had a functionally HTR4-deficient mouse, we conducted a breathing assay using the opiate receptor agonist fentanyl. We observed that WT and Htr4 2/2 mice exhibited marked respiratory depression immediately after intravenous administration of fentanyl (Fig. 1D ). In the 10 min prior to fentanyl administration, WT and Htr4 2/2 mice did not differ in respiratory rates. However, after fentanyl administration, Htr4 2/2 mice had a further reduction in respiratory rate compared with WT mice (Fig. 1D) . Importantly, after fentanyl-induced respiratory depression, administration of the HTR4-specific agonist BIMU8 resulted in a marked increase in respiratory rate in WT mice, an effect that was not observed in Htr4 2/2 mice (Fig.  1D ). This provides confirmation that the HTR4 receptor is nonfunctional in Htr4 2/2 mice.
2/2 mice exhibit increased whole lung and airway resistance at baseline
To assess whether Htr4 2/2 mice had altered lung function, we used flexiVent. At baseline, compared with WT mice, Htr4 2/2 mice had statistically significantly higher whole lung resistance (R) and Newtonian resistance (Rn), a measure of resistance in the conducting airways ( Fig. 2A) . 2/2 mice. Baseline measurements (BL) were taken, followed by fentanyl bolus (F), followed by measurement for 5 min, followed by BIMU8 bolus (B8), and followed by measurement for 11 min. Baseline measurements are 5 min averages; all other points are 1 min averages (n = 4/genotype). Mean values per group with SEM are plotted. *P , 0.05 vs. WT. In contrast, there were no differences in tissue resistance (G), compliance (C), elastance (E), and tissue elastance (H) between the genotypes (Fig. 2A) .
To examine whether Htr4 2/2 mice differed in steadystate immune cell readouts, we examined BALF from naïve mice. BALF cytokines were either undetectable or not different between WT and Htr4 2/2 mice (data not shown). However, we observed a 31% higher count of BALF cells in Htr4 2/2 mice compared with WT; as expected, nearly all cells were macrophages (.98%) (Fig. 2B) .
2/2 mice exhibit AHR to inhaled MCH and 5-HT
We used the broncho-constrictor MCH to assess AHR in naïve WT and Htr4 2/2 mice. After adjusting for age and dose of MCH, Htr4 2/2 mice were more responsive to MCH using the parameters of whole lung resistance (R), tissue resistance (G), and tissue elastance (H) ( Fig. 3; Table 1 ). 5-HT is another broncho-constrictor with known mode of action pharmacologically linked to HTR1-3. To test whether 5-HT signaling also affects broncho-constriction through HTR4, we treated mice with increasing doses of 5-HT and assessed pulmonary function. Similar to MCH-induced AHR, Htr4 2/2 mice were more responsive than WT mice to 5-HT (28-72%) in all lung function parameters measured with the exception of tissue elastance (H) ( Fig. 4 ; Table 1 ).
AHR in Htr4
2/2 mice after LPS exposure
To examine acute inflammatory responses in Htr4
mice, mice were dosed with either saline or bacterial LPS and examined on flexiVent for genotype differences in MCH-induced AHR 4 h later. WT mice treated with LPS had increased lung resistance compared with salinetreated mice (data not shown). There were no significant differences in lung function parameters between genotypes 4 h after LPS challenge (Fig. 5) . Examination of BALF collected from LPS-treated mice revealed no differences between the genotypes in total cells or in cell differential populations (Fig. 6A) . Expression of Htr4 mRNA was decreased in LPS-treated animals (Fig. 6B) . Lung sections were scored by a pathologist blinded to genotype to assess degree of inflammation, and there were no genotype differences observed (Fig. 6C) . We also examined cytokines involved in LPS signaling (IL-1b, IL-6, keratinocyte-derived protein, macrophage inflammatory protein -1a, TNF-a, and monocyte chemoattractant protein-1). Most of the cytokines exhibited no differences in LPS response between the genotypes (Fig. 6D) . The exception was IL-1b, for which the expected LPS induction confirmed in WT mice was mitigated in Htr4 2/2 mice (Fig. 6D) . Non-LPS-responsive cytokines (IL-4, IL-5, IL-10, and IL-12) were below the limits of detection (data not shown). Examination of serum cytokines from mice treated with either saline or LPS revealed no genotype differences (Supplemental Fig. 1B ).
Responses to bleomycin exposure in Htr4
2/2 mice
To determine whether mice deficient in HTR4 exhibit differences in bleomycin-induced fibrosis, we examined mice 20-21 d after exposure to bleomycin or saline. Mice treated with bleomycin had increased static elastance and decreased static compliance, but with no difference between genotypes (Fig. 7A) . Expression of Htr4 was unchanged by bleomycin exposure (Fig. 7B) . No fibrosis was observed in saline-treated animals (data not shown). Fibrotic scoring and collagen content did not differ between Htr4 2/2 mice and WT mice treated with bleomycin (Fig. 7C, D) . Total cells in BALF increased dramatically in bleomycin treated mice (Fig. 7E, right) . After bleomycin treatment, there were more total cells and more lymphocytes in Htr4 2/2 mice than in WT mice (Fig.  7E, right ). There were no significant differences in BALF cytokines between the genotypes (Fig. 8) . Similar to LPS results, we observed no differences between WT and Htr4 2/2 in levels of serum cytokines (Supplemental Fig. 2 ).
Allergic airway inflammation in Htr4 2/2 mice
We examined the responses of Htr4 2/2 and WT mice to acute allergen challenge with the environmentally relevant allergen HDM. As expected, HDM treatment dramatically induced eosinophilia in BALF compared with salinetreated controls (Fig. 9A) , indicating a robust type II response. However, there were no genotype differences, suggesting HTR4 does not play a significant role in this model of adaptive immunity. Similarly, there were no genotype differences on pathologic examination of inflammation (Fig. 9B ) or in total serum IgE levels (Fig. 9C) . We also found no evidence of subepithelial fibrosis after HDM in either genotype (data not shown). The expression of Htr4 was unchanged in HDM-treated WT mice (Fig. 9D) .
We assessed the levels of multiple cytokines involved in the modulation of allergic airway inflammation. HDM treatment induced changes in levels of type I and type II cytokines but without variation by genotype (Supplemental Figs. 3 and 4) .
We examined whether HTR4-deficient mice respond to HDM-induced allergic airway inflammation differently than their WT counterparts. Treatment with HDM induced expected increases in AHR (Fig. 9E) . After HDM treatment, Htr4 2/2 mice had higher AHR in whole lung resistance (R) and Newtonian resistance (Rn) parameters, but this is similar to the baseline phenotype (Figs. 2  and 3 ) and that seen in the saline-treated HDM control mice (Fig. 9E) .
DISCUSSION
HTR4 is a member of the 5-HT receptor family and is expressed in the lung (26) . Prior research on HTR4 focused on its expression and roles in the brain and gastrointestinal tract. Because of recent, well-replicated human GWAS findings that variants in HTR4 are related to both baseline lung function and airflow obstruction, we conducted follow-up research in mouse models. None of the HTR4 human GWASs of lung function-associated SNPs have clear functional relevance, and thus experimental mouse models can shed light on the causality of the observed associations. We therefore measured lung function in WT and Htr4 2/2 mice at baseline, after treatment with 2 broncho-constrictors (MCH and 5-HT), and after exposure to bacterial LPS and bleomycin.
When we examined expression of the Htr4 transcripts, we confirmed that the targeted region was absent in Htr4 2/2 mice; however, we also found in-frame downstream message in Htr4 2/2 mice. Therefore, to verify that the Htr4 2/2 mice were truly deficient in functional HTR4, we conducted a breathing assay. On the basis of work done by Manzke et al. that opiate-induced respiratory depression in rats could be rescued with BIMU8, an HTR4-specific agonist (48), we hypothesized that Htr4 2/2 mice would fail to respond to BIMU8 after opiate administration. We showed that not only do Htr4 2/2 mice fail to respond to selective HTR4 agonism, but they also respond with greater opiate-induced respiratory depression than their WT counterparts. Thus, we confirmed that the B6.129P2-Htr4 tm1Dgen /J mice that we studied are functionally HTR4 deficient.
Our discovery phenotype in human GWAS was baseline lung function. After ensuring that Htr4 2/2 mice were functionally deficient in HTR4, we tested our hypothesis that baseline lung function would be altered in Htr4 2/2 mice relative to WT. We found this to indeed be the case, providing confirmation for the human GWAS findings on baseline lung function. In human GWASs, the sentinel SNP (rs11168048) in HTR4 was negatively associated with baseline lung function (8, 26) . In mice, deficiency of HTR4 was related to impaired baseline lung function as exhibited by increased whole lung and conducting airway resistance (R and Rn, respectively).
It is well known that 5-HT is a broncho-constrictor in humans and mice. Pharmacological experiments in rodents suggest that HTR4 does not play a role in 5-HT-induced broncho-constriction (49, 50) . Given we had an HTR4-deficient mouse, we were able to confirm that HTR4 was not responsible for the 5-HT-induced bronchoconstriction response. Indeed, we found that Htr4 2/2 mice exhibited greater sensitivity to broncho-constriction induced by both 5-HT and MCH. These data suggest that Htr4 2/2 mice are primed for AHR to exogenous and endogenous broncho-constrictors. It is possible that increased AHR over time could contribute to decreased lung function, consistent with the finding from human longitudinal studies that AHR is an independent risk factor for accelerated decline in pulmonary function (51) and development of respiratory symptoms (52, 53) .
Given recent work by Hodge et al. (37) that suggests HTR4 may play a developmental role in the lung, combined with our findings of baseline pulmonary function differences in Htr4 2/2 mice, we examined lung size and architecture in age-matched male Htr4 2/2 and WT mice. There were no discernible differences between untreated Htr4 2/2 and WT mice with regard to lung volume (an indicator of size), polarized gas imaging, or histopathological examination (data not shown). It is not surprising we were unable to identify structural differences between genotype in our mice; in humans, modest variation in pulmonary function parameters within the normal range is not related to discernible structural differences in the lung or airways.
Work by Bayer et al. demonstrated that activation of HTR4 in human airway epithelial cell lines regulates release of IL-6 (34). We did not find that Htr4 2/2 mice had altered IL-6 in either serum or BALF at baseline or after treatment with either LPS or bleomycin. This may be due to compensatory effects during development or off-target pharmacological effects. Exposing humans to injurious agents is difficult; however, in mice, airway perturbation models can be used to examine changes in responses to agents involved in lung injury and fibrosis. Endotoxin or LPS, a component of gram-negative bacterial cell membranes, can elicit an acute immune response in mammals. Given that untreated Htr4 2/2 mice had increased macrophages in BALF, we investigated whether Htr4 2/2 and WT mice would exhibit differences in acute inflammatory responses to LPS. With the exception of mitigation of IL-1b induction after LPS, we did not observe any genotype differences in response to LPS with respect to other cytokines or immune cell responses. This suggests that the immune responses to LPS were largely unaffected by HTR4 disruption. Furthermore, we did not observe any differences in lung function in LPS treated Htr4 2/2 mice. Collectively, Figure 6 . A) Cell differentials by genotype in LPS-treated WT and Htr4 2/2 mice (n $ 7/genotype). B) Expression of HTR4 in saline and LPS-treated WT mice (n = 7/group). *P , 0.05 vs. saline. C) Inflammatory index of LPS-and saline-treated mice 4 h after LPS treatment (n $ 7/group). *P , 0.05 vs. saline. D) Cytokine concentrations in BALF from LPS-and saline-treated WT and Htr4 2/2 mice (n $ 5/group in saline; n $ 9/group in LPS). Mean values per group with SEM are plotted. *P , 0.05 vs. WT. these findings suggest that HTR4 does not play a significant role in response to LPS.
To examine whether WT and Htr4 2/2 mice respond differently to fibrotic injury, we treated mice with bleomycin. Bleomycin is a chemotherapeutic agent that causes pulmonary fibrosis in humans and mice. In mice, bleomycin administration, regardless of route, results in acute pulmonary epithelial injury. Repair of this injury results in collagen deposition and fibrosis. Unlike in humans, where fibrosis is irreversible, mice can repair the fibrotic lesions. Similar to LPS, we found little difference between WT and Htr4 2/2 mice in their ability to resolve fibrotic injury. Htr4 2/2 mice did have slightly higher levels of lymphocytes and total cells from lavage, but we found no differences in bleomycin injury-related cytokines. Thus, the biologic relevance of the differences in cell responses is not clear. These data suggest that repair of fibrotic injury is not dependent on HTR4. (34) . There is only 1 study relating HTR4 SNPs with asthma (28) , and HTR4 has not been related to asthma in GWASs. We did not observe any differences by genotype in release of IL-6 or other proinflammatory cytokines after HDM treatment. The genotype differences we observed in whole lung resistance (R) and conducting airway resistance (Rn) after treatment with HDM are very similar to the differences by genotype in naive and saline-treated HDM control mice. The fact that we saw no substantive differences by genotype in 22 different cytokines examined in BALF and serum after HDM-induced allergic airway inflammation further suggests that differences in lung function at baseline and after HDM are not likely due to immune system modulation.
HTR4 is heavily expressed in neurons of the preBötzinger complex, a region in the brainstem responsible for rhythmogenesis of inspiration and expiration in mammals. Our functional breathing assay replicated work done in rat (48) showing HTR4 agonism could overcome opiateinduced respiratory depression. We surmised that differences in baseline lung function might result from persistent perturbations in control of breathing due to the absence of functional HTR4 in the pre-Bötzinger complex. To test whether HTR4 was related to control of breathing, we conducted whole body plethysmography on WT and Htr4 2/2 mice; however, we did not find any differences by genotype in baseline control of breathing parameters (data not shown).
In summary, we found Htr4 2/2 mice have altered baseline lung function (increased baseline lung resistance) and exhibit increased AHR to both endogenous and exogenous broncho-constrictors. These data recapitulate human findings from GWASs, lending evidence for a causal relationship between lung function and HTR4. This is important because, although human GWASs established an association of HTR4 SNPs with lung function, the HTR4 SNPs most strongly related to lung function were not clearly functional. We did not find that HTR4 deficiency leads to altered responses to either bacterial LPS or bleomycin. Combined with published work showing no difference in response to cigarette smoke between WT and Htr4 2/2 mice (54), the evidence suggests that the differences in baseline lung function do not reflect differential susceptibility to these common environmental exposures. Our work showing that WT and Htr4 2/2 mice differ in baseline lung function, combined with recent work showing HTR4 is temporally expressed in the developing human lung (37) , suggest a possible role for HTR4 in lung development. In conclusion, we present here strong evidence for a causal relationship between HTR4 and baseline lung function in mice that bolsters human GWAS findings.
